Mycobacterium intracellulare is responsible for causing infections in relatively immunocompetent hosts. In an attempt to identify components that could be involved in virulence, we characterised the 38 kDa-encoding gene of IU. intracelluftzre that is absent in IU. avium. This antigen cross-reacts immunologically with a major 38 kDa antigen of M tuberculosis, and both antigens are homologues of the phosphate transport subunit S (PstS) of the pst complex of Escherichia coli. Unlike the M. tuberculosis complex the M intracellulare coding gene was found to be duplicated. We also identified and characterised other pst genes that may constitute an operon. Considering that multiple isoforms of PstS are present in mycobacteria the possible role of pstS1 genes for pathogenesis is discussed.
Introduction
The species Mycobacterium avium and Mycobacterium intracellulare are, amongst the mycobacteriae, the most frequent causes of opportunistic infection in man [l] . It is difficult to distinguish these two closely related species biochemically, or with individual antibodies [2] , but the present availability of molecular probes provides reliable means of identification (Accuprobe@ kits, Genprobe Inc., USA). M. avium and M intracellulare are both isolated from gen that cross-reacts antigenically with the immunodominant 38 kDa antigen of M. tuberculosis [S] (EMBL: M30046) was originally identified in extracts of M. intracellulare AElO (a laboratory strain with a Min-A ITS sequevar type), but not in M. avium (J. Ivanyi, unpublished) .
Subsequently, the M. tuberculosis 38 kDa gene probe was found to hybridise to a single PvuII DNA fragment from several isolates classified by molecular typing as M. intracellulare, but not to DNA from several M. avium isolates [3] . To date, only a few genes encoding major antigens of M. intracellulare have been characterised, some partially [6] and others entirely [7-91. In view of the possible role of the 38 kDa antigen of M. intracellulare in some mechanisms of pathogenesis which are not shared with M. avium, we decided to clone and sequence the gene encoding this antigen. We considered that its sequencing will also aid the identification of species-specific epitopes, as a potential aid for the immunodiagnosis of A4. intracellulare infections.
Materials and methods
Standard molecular biology techniques were used as described by Sambrook et al. [lo] unless otherwise stated.
I. Screening of a hgtll library of M. intracellulare
Using a "2P-labelled DNA probe derived from an NruI fragment encoding part of the 38 kDa antigen of M. tuberculosis [5] , a positively hybridising clone from a hgt 11 library of Mycobacterium intracellulare ATCC 35761 [l l] was identified. Both strands of the 4373 bp EcoRI insert were sequenced using sub-libraries in vector pUCl8 consisting of fragments generated by several restriction enzymes. Sequencing of gaps between fragments after assembly of the initial contigs [12] was completed by use of specific primers based on the deduced sequences.
Cloning and expression of mipstSlalb in M. smegmatis
In order to determine if at least one of the duplicated 38 kDa-encoding homologues (mipstsla and mipstSlb) in the M. intracellulare fragment was expressed, we subcloned a 3630 bp EcoRI-BamHI fragment of the hgtl 1 clone, so that it included the complete open reading frames (ORF) of the miPstB, miPstSla and miPstSlb genes into the corresponding sites of a shuttle (E. colilmycobacterium) vector, pSGl0 [13] . The resulting construct, pMT32, and the cloning vector pSGl0 as a control, were introduced into M. smegmatis strain mc2155 by electroporation using standard techniques [14] . Extracts of pSGl0 and pMT32 transformants, and also M. tuberculosis H37Rv and M. intracellulare AElO were Western blotted using mouse polyclonal antisera raised against recombinant M. tuberculosis 38 kDa antigen [15] . The same antisera were used for Western blotting of extracts from other mycobacteria listed in the results section.
Polymerase chain reaction (PCR) analysis
Mycobacterial cells were scraped off LoewensteinJensen slopes using sterile bacteriological loops, resuspended in 100 ul of sterile water and boiled for 5 min. 1 11 of boiled lysate was used in a 50 yl PCR reaction. 0.5 unit of Taq polymerase from Gibco BRL (Life Technologies, UK) was used with the manufacturer's buffer and MgClx concentration of 1.5 mM. Primers based on conserved regions between the aligned sequences of the M. tuberculosis 38kDalmtpstSI gene and the corresponding M. intracellulare homologues, mipstSIa and mipstslb, were used. These primers were (5'-3') GTTCACCCAG-TACCTGTCCAAGCA and ATCGCCTGGTTC-GCCGGGGTTTTCGA.
The cycling conditions used were 95°C for 5 min for 1 cycle and 35 cycles of: 95°C for 1 min, 55°C for 1 min and 72°C for 1 min. A final one-cycle extension step of 72°C for 7 min completed the reaction.
Results
Sequence analysis (submitted to EMBL, accession no. X95538) identified three complete open reading frames (ORF) and one partial ORF truncated at one end of the insert, all in an unidirectional transcriptional orientation (designated mipstB, mipstslu, mipstslb, and mipstC1, Fig. 1 ). Another partial ORF (mipstS2) running in the opposite transcriptional orientation to the other 4 ORFs, and truncated at the other end of the EcoRI insert, was identified. Analysis by the program FASTA [12] revealed that the mipstsla and mipstSlb gene encoded products have sequence similarity (78% identity over entire length). Both deduced sequences have significant homology with the PstS protein of E. coli and the 38 kDa antigen (also known as mtPstS1, protein antigen b, pab) of A4. tuberculosis (see Fig. 2 and Table 1 ). The mipstB gene product is homologous with the PstB protein of E. coli (43% identity over 243 residues) and the partially characterised mipstC1 gene product is a homologue of the PstC protein of E. coli (36% identity over 221 residues).
The recombinant 38 kDa antigen of M. intracellulare was expressed in M. smegmatis. Mouse polyclonal antisera raised against recombinant M. tuberculosis 38 kDa antigen reacted with a 38 kDa band in extracts from two pMT32 transformants tested by Western blotting (Fig. 3) . This result confirmed that at least one of the two pstS1 genes of M. intracellulare specified a 38 kDa protein that is cross-reactive with the AL? tuberculosis 38 kDa antigen. The antigen was not detected in the pSGl0 transformant negative control. Antibodies for detection of expression of the mipstB gene are not available.
The presence of 38 kDa antigens in extracts of several mycobacterial species was tested by Western blotting using the antisera described above. Bands of Amplification of homologues of the 38 kDa encoding gene was attempted with DNA from the above mycobacterial species, except M. leprae (although individual strains were different in some cases) using primers based on sequences conserved between M. tuberculosis mtpstS1, and the mipstSIu and mipstSIb genes of M. intracellulure. PCR fragments of predicted 310 bp were only obtained from M. intracellulare and M. tuberculosis DNA, which is consistent with the antigenic detection. An additional band of 1480 bp, consistent with the presence of duplicated genes in tandem, was detected in 313 clinical isolates of M. intracellulare tested. Versions of the above primers, which were made degenerate in the third base position of each codon, also failed to amplify products from mycobacteria other than M. tuberculosis and M. intracellulare.
Discussion
Products of the pst genes are members of a high affinity phosphate transport system, and considerable work has been done for the characterisation of the E. coli homologues, which are encoded by a single operon [16] . PstS is the best characterised of the Pst proteins, and is a phosphate binding protein. Analysis of translated sequences generated by the Mycobacterium leprae genome sequencing project reveals the presence of a pseudogene that has patchy homology to the 38 kDa antigen of &f. tuberculosis (accession number:
EMBL: UOOOl2). The patchy homology is present in three different unidirectional reading frames in A4. leprae (53% identity over 201 residues in one frame, 45% identity over 167 residues in a second frame and 28% identity over 287 residues in the third frame -the latter two frames have several stop codons). However, we were unable to detect a product by immunoblotting with h4. leprae extracts. An intact ORF (EMBL: ML15184) that had significant homology to mtPstS2 and mtPstS3 (62 and 77% identity over entire length respectively) was also identified.
The presented evidence suggests that mycobacteria possess multiple isoforms of PstS proteins. However, the confinement of antigenically related PstSl proteins (PstSl type isoforms) to the M. tuberculosis complex and M. intracellulare is at this stage a curious taxonomic puzzle that warrants further investigation. Horizontal interspecies transfer may be one possible explanation.
M. intracellulare has a greater affinity towards causing infections in non-AIDS patients than the closely related organism A4. avium, which lacks a 38 kDa/PstSl-encoding gene. Higher levels of 38kDa/mtPstSl antigen expression is detectable by immunological means in virulent M. tuberculosis than in the vaccine strain, M. bovis BCG [19] .
The restricted distribution of the PstSl isoforms (38 kDa) within the mycobacterial genus suggests that PstSl isoforms may confer a survival advantage during intracellular pathogenesis. This possibility is supported by the recent report that gene disruption in the pst operon reduced the virulence of a pathogenic strain of E. co/i [20] . Evolutionary pressure during intracellular pathogenesis may have also selected for the pstS1 gene duplication event in M. intracellulure.
